Fundamental questions remain about the origin of newly formed atmospheric aerosol particles because data from laboratory measurements have been insufficient to build global models. In contrast, gas-phase chemistry models have been based on laboratory kinetics measurements for decades. We built a global model of aerosol formation by using extensive laboratory measurements of rates of nucleation involving sulfuric acid, ammonia, ions, and organic compounds conducted in the CERN CLOUD (Cosmics Leaving Outdoor Droplets) chamber. The simulations and a comparison with atmospheric observations show that nearly all nucleation throughout the present-day atmosphere involves ammonia or biogenic organic compounds, in addition to sulfuric acid. A considerable fraction of nucleation involves ions, but the relatively weak dependence on ion concentrations indicates that for the processes studied, variations in cosmic ray intensity do not appreciably affect climate through nucleation in the present-day atmosphere. N ucleation of particles occurs throughout Earth's atmosphere by condensation of trace vapors (1-3). Around 40 to 70% of global cloud condensation nuclei (CCN) (4-6) are thought to originate as nucleated particles, so the process has a major influence on the microphysical properties of clouds and the radiative balance of the global climate system. However, laboratory measurements are needed to disentangle and quantify the processes that contribute to particle formation, and very few laboratory measurements exist under atmospheric conditions (7) (8) (9) (10) . This leaves open fundamental questions concerning the origin of particles on a global scale. First, it is not known whether nucleation is predominantly a neutral process, as assumed in most models (11-13), or whether atmospheric ions are important (6, (14) (15) (16) . This relates to the question of whether solar-modulated galactic cosmic rays (GCRs) affect aerosols, clouds, and climate (17-21). Second, the lack of measurements of nucleation rates at low temperatures means that the origin of new particles in the vast regions of the cold free troposphere has not yet been experimentally established. Third, whereas it has been shown that nucleation of sulfuric acid (H 2 SO 4 )-water particles in the boundary layer requires stabilizing molecules such as ammonia (NH 3 ), amines, or oxidized organic compounds (7, 8, (22) (23) (24) , it is not yet known from existing experimental data over how much of the troposphere these molecules are important for nucleation. Robust atmospheric models to answer these questions need to be founded on direct measurements of nucleation rates. At present, to simulate nucleation over a very wide range of atmospheric conditions, global models must use theoretical nucleation models (25, 26), which can require adjustments to the nucleation rates of several orders of magnitude to obtain reasonable agreement with ambient observations (27, 28) .
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Fundamental questions remain about the origin of newly formed atmospheric aerosol particles because data from laboratory measurements have been insufficient to build global models. In contrast, gas-phase chemistry models have been based on laboratory kinetics measurements for decades. We built a global model of aerosol formation by using extensive laboratory measurements of rates of nucleation involving sulfuric acid, ammonia, ions, and organic compounds conducted in the CERN CLOUD (Cosmics Leaving Outdoor Droplets) chamber. The simulations and a comparison with atmospheric observations show that nearly all nucleation throughout the present-day atmosphere involves ammonia or biogenic organic compounds, in addition to sulfuric acid. A considerable fraction of nucleation involves ions, but the relatively weak dependence on ion concentrations indicates that for the processes studied, variations in cosmic ray intensity do not appreciably affect climate through nucleation in the present-day atmosphere. N ucleation of particles occurs throughout Earth's atmosphere by condensation of trace vapors (1) (2) (3) . Around 40 to 70% of global cloud condensation nuclei (CCN) (4) (5) (6) are thought to originate as nucleated particles, so the process has a major influence on the microphysical properties of clouds and the radiative balance of the global climate system. However, laboratory measurements are needed to disentangle and quantify the processes that contribute to particle formation, and very few laboratory measurements exist under atmospheric conditions (7) (8) (9) (10) . This leaves open fundamental questions concerning the origin of particles on a global scale. First, it is not known whether nucleation is predominantly a neutral process, as assumed in most models (11) (12) (13) , or whether atmospheric ions are important (6, (14) (15) (16) . This relates to the question of whether solar-modulated galactic cosmic rays (GCRs) affect aerosols, clouds, and climate (17) (18) (19) (20) (21) . Second, the lack of measurements of nucleation rates at low temperatures means that the origin of new particles in the vast regions of the cold free troposphere has not yet been experimentally established. Third, whereas it has been shown that nucleation of sulfuric acid (H 2 SO 4 )-water particles in the boundary layer requires stabilizing molecules such as ammonia (NH 3 ), amines, or oxidized organic compounds (7, 8, (22) (23) (24) , it is not yet known from existing experimental data over how much of the troposphere these molecules are important for nucleation. Robust atmospheric models to answer these questions need to be founded on direct measurements of nucleation rates. At present, to simulate nucleation over a very wide range of atmospheric conditions, global models must use theoretical nucleation models (25, 26) , which can require adjustments to the nucleation rates of several orders of magnitude to obtain reasonable agreement with ambient observations (27, 28) .
The lack of an experimentally based model of global particle nucleation is in stark contrast to global models of atmospheric gas-phase chemistry, which have been based on laboratory kinetics measurements since the 1970s (29, 30) . We built a model of the global aerosol system based on laboratory nucleation-rate measurements that is able to explain global particle concentrations without any adjustment to the rates. We derive some selected implications for CCN, cloud albedo, and hence Earth's radiative forcing.
Chamber measurements of inorganic nucleation
In Fig. 1 , we present~350 measurements of ioninduced and neutral particle formation from H 2 SO 4 and NH 3 vapors, conducted in the CLOUD (Cosmics Leaving Outdoor Droplets) chamber at the CERN Proton Synchrotron. To enable globally applicable nucleation rate expressions to be developed, we combined~250 earlier measurements (7, 23, 31) with~100 new measurements covering a much wider range of vapor concentrations than was achieved in the previous experiments. We also studied ternary nucleation at temperatures as low as 208 K, typical of the upper troposphere. We combined these~350 inorganic measurements with data on organicmediated nucleation (24) to quantify nucleation rates throughout the troposphere. The experiments were performed under neutral, natural GCR and charged pion beam conditions (supplementary materials) (32) . GCRs create ion pairs in the chamber at a rate of about 2 cm
, characteristic of the lower atmosphere, and the controllable pion beam is able to reproduce equilibrium ion-pair concentrations between ground level and the upper troposphere (33) . Neutral conditions are achieved by removing ions from the chamber with an electric field. Figure 1 shows how our full data set of inorganic nucleation rates depends on H 2 SO 4 , NH 3 , temperature, and ionization rates. At 208 K, the nucleation rates are up to 10 4 times as high as at 248 K, the lowest temperature investigated in any previous study (7) . The enhancement of the neutral nucleation rate caused by natural GCR ionization reaches about a factor of 15 at temperatures found in the lower troposphere. However, we measured no appreciable enhancement due to ions at lower temperatures representative of the upper troposphere, indicating that evaporation of the corresponding neutral clusters is strongly suppressed. Ammonia mixing ratios of a few parts per trillion by volume (pptv) greatly enhance the nucleation rate. For example, at 223 K, the neutral rate rises by more than a factor of 1000 when NH 3 is increased from an estimated 0.05 pptv contaminant level to 6 pptv (Fig. 1B) . The negative ion cluster composition ( fig. S1 ) (34) confirms that NH 3 molecules are participating in and enhancing ion-induced nucleation, although binary nucleation of sulfuric acid and water without ammonia cannot be neglected.
Although most of our measurements were conducted at 38% relative humidity (RH), the dependence of nucleation rates on RH was also measured (supplementary materials, section 9) and was found to be stronger than the dependence on ion concentrations but weaker than that on other factors. At 223 and 208 K, temperatures typical of the upper free troposphere, a change in RH between 20 and 100% induces at most a factor of 5, and typically a 50 to 100%, change in the nucleation rate, whereas ambient atmospheric concentrations of H 2 SO 4 and NH 3 vary over many orders of magnitude. At 298 K, the nucleation rate increases by about a factor of 10 between 40 and 80% RH, but this does not strongly affect CCN concentrations (see the model results below).
The inorganic nucleation rates are parameterized in four dimensions-temperature, [H 2 SO 4 ], [NH 3 ], and ion concentrations-and fitted to our full data set of~350 inorganic measurements. The RH dependence was not included in the fit because of insufficient data, although we tested its effect in separate model sensitivity studies, described below. Because one of our objectives was to determine the relative importance of binary and ternary nucleation in the global atmosphere, we used the molecular composition of the charged nucleating clusters from APi-TOF (atmospheric pressure interface time-of-flight) ). The lines show parameterized nucleation rates (supplementary materials, section 8): solid lines for neutral rates, dashed lines for GCR rates, and dotted lines for pion beam rates. Gray symbols and lines indicate contaminant concentrations of NH 3 below the detection limit of the instruments (supplementary materials, section 6), whereas colored symbols and lines represent measurements at NH 3 concentrations indicated by the color scale. For clarity, the uncertainties on each data point are not shown, but the overall uncertainty of a factor of 2.5 on nucleation rate and a factor of 1.5 on [H 2 SO 4 ] is shown separately from the real data in (A).The contaminant level of ammonia increases as temperature increases. This explains why the ionization effect without added ammonia at 292 K is smaller than that at 278 K and why the nucleation rates without added ammonia are similar at these temperatures.
mass spectrometry measurements to unambiguously verify the amount of ammonia or organic species in, or their absence from, the charged nucleating clusters (34, 35) (supplementary materials, section 6). Guided by these mass spectra, the four-dimensional global fit enables us to determine the dependence on trace gas concentrations and ions, even though the data are sparse in any one dimension. 3 ], and linearly with ion concentration.
Global particle formation pathways
The CLOUD nucleation-rate measurements allow us, for the first time, to evaluate the global importance of competing particle sources on the basis of experimental data. The model is described in the supplementary materials, sections 11 to 16. The total nucleation rate is determined by adding the inorganic rates (previous section) to the neutral and ion-induced ternary organic H 2 SO 4 -BioOxOrg-H 2 O nucleation rates from our earlier CLOUD chamber measurements reported in (24) . Here BioOxOrg is a proxy for a-pinene oxidation products, and we can use the term "ternary" by treating them as a single class of vapors. Figure 2 shows that the binary nucleation rates peak in the upper troposphere, consistent with earlier models that considered only binary neutral or ion-induced H 2 SO 4 -H 2 O nucleation above the boundary layer (6, (11) (12) (13) . However, we find that the fractional contributions to the production rate of 3-nm-diameter particles below 15 km altitude are 15% binary (2.6% neutral and 12% ion-induced), 65% ternary inorganic with ammonia (54% neutral and 11% ion-induced), and 21% ternary organic. We are unable to quantify the fraction of ternary organic nucleation that is ioninduced as accurately as for inorganic nucleation (supplementary materials, section 15), but we estimate that 28% of all new particles are formed by ion-induced nucleation. Overall, ion-induced nucleation is the dominant process over large regions of the troposphere where particle formation rates are low. Consequently, it produces more particles than neutral nucleation in 67% of the troposphere below 15 km. Thus, almost all new particle formation over the entire troposphere involves NH 3 or organic compounds, and much of this is ion-induced.
Although our model of global nucleation rates accounts for the most important tropospheric variables, there remain some missing pieces. The most important are that we are unable to fully account for the variation of nucleation rates with RH, we do not include the contribution of amines to nucleation, and we assume that the organic nucleation rate is independent of temperature. The third of these possible sources of variation is not yet constrained by CLOUD laboratory measurements. If we assume a ternary organic rate that increases with decreasing temperature according to theoretical estimates (supplementary materials, sections 10 and 20), the ternary organic fraction of nucleation increases to 69%. This temperature dependence is likely an extreme estimate, given that terpene oxidation products are less oxidized at lower temperatures because isomerization rates are lower (36, 37) . This offsets the increased ease with which highly oxidized organic molecules condense at lower temperatures. An estimate of a more likely temperature dependence (supplementary materials, section 20) results in a fraction of organic nucleation of 43%. Further numerical studies of the uncertainties in the fractions of nucleation from different pathways are detailed in table S7. Because the neutral and ion-induced organic nucleation pathways have different, but unknown, dependencies on temperature (supplementary materials, section 20), the overall fraction of ion-induced nucleation is affected by this shortcoming. In the sensitivity tests in table S6, the highest fraction of ion-induced nucleation is around 63%, and the lowest is 9%.
Amines can also nucleate with sulfuric acid (23, 38-40 ), but they are unlikely to influence nucleation in the free troposphere owing to their short atmospheric lifetimes (41) and low fluxes. However, they are important in polluted areas of the boundary layer (42) . A preliminary calculation (supplementary materials, section 17, and fig. S14 ) with a slightly different global model suggests that 6% of new particles below 500 m altitude are formed by an amine-driven mechanism, with a large uncertainty range of 3 to 27%. Amine-driven nucleation is almost certainly negligible above 500 m because of the short lifetime of amines in the atmosphere. The amine-driven nucleation has only a minimal effect on CCN concentrations ( fig. S14C ) because the highest amine emissions are in polluted areas with high condensation sinks, which suppress nucleation. When we included a temperature-dependent factor to model the RH dependence of the binary nucleation rate with a polynomial function (supplementary materials, section 9), we found a 4.5% change in the concentration of 3-nm particles and a 0.3% change in the concentration of soluble 70-nm particles (approximately representative of CCN) in the troposphere up to 15 km altitude. If we assume that the ternary inorganic and organic nucleation rates depend on RH in the same way as the binary rate, we find that tropospheric 3-nm particle concentrations increase by 14%, and 70-nm particle concentrations increase by 6.5%. At cloud base level, the concentration of soluble 70-nm particles increases by 6.0%. Ternary nucleation should be less affected by RH than binary nucleation, so this change represents an upper bound. All of these numbers are comparable to typical differences between the model and observations.
Evidence from global aerosol measurements
Comparison of the global model results with atmospheric observations helps to establish how different nucleation pathways contribute to global particle concentrations. Using the simplest inorganic pathway (binary neutral nucleation) in the model systematically underestimates particle concentrations measured in the lower atmosphere and fails to explain their seasonal variation (supplementary materials, section 18). Across 35 global surface sites (43) , including mountaintops, this binary simulation, together with primary particle emissions, can account for only 31% of the particles observed in winter in the Northern Hemisphere and 25% in summer ( fig. S15 ). When we include ternary H 2 SO 4 -NH 3 -H 2 O nucleation, 65% of particles in winter are explained but only 36% in summer. By further including ternary H 2 SO 4 -BioOxOrg-H 2 O nucleation, the modeled seasonal cycle of particle concentrations represents the observations well, explaining 71% of particles observed in winter and also 71% in summer. These comparisons suggest that ternary inorganic nucleation is a major source of particles in winter in the Northern Hemisphere, whereas ternary organic nucleation is a major source in summer.
We compared the predictions of the model with aircraft measurements collected at higher altitudes, a region of the atmosphere in which new particle formation is frequently modeled by binary nucleation of sulfuric acid. The aircraft campaigns (supplementary materials, section 18 and references therein) aimed to determine the most favorable chemical and meteorological conditions for nucleation in the troposphere (44) . Relatively low model resolution prevents us from fully simulating the effects of meteorology on nucleation, especially humidity variations near clouds (45, 46) . Nevertheless, the full model shows good agreement with observations (Fig. 3B) . In contrast, as is the case at the surface, a model with binary neutral nucleation alone can account for only 25% of the observed particle concentrations (Fig. 3C) , with especially large biases of up to a factor of 5 in the lower troposphere below about 6 km altitude.
In addition to our imperfect coverage of the full parameter space of tropospheric nucleation rates, uncertainties in the model might also affect the confidence in our conclusions about the causes of global nucleation. Tables S6 and S7 summarize the principal sources of uncertainty in the CLOUD measurements and parameterization, as well as the implementation of the parameterization in the global model. The dominant sources of uncertainty, we estimate, are vapor concentrations in the model itself, rather than the parameterized nucleation rates. These and other important sources of uncertainty, such as the aerosol microphysical processes, precursor gas and primary aerosol emissions, and removal processes, have been studied comprehensively in a different configuration of this model for CCN (47) and 3-nm particle concentrations (48) by perturbing 28 model parameters in a way that allows combined uncertainties to be quantified. If we assume that the relative effect of these uncertainties on particle concentrations would be similar in the model configuration used for this study, then we can assess where we can be confident that free-tropospheric nucleation is mainly binary and where it is mainly ternary. For the southernmost remote observations in Fig. 3 [ACE-1 (Atmospheric Chemistry Experiment 1) measurements collected south of Australia; supplementary materials, section 18], the standard deviation of 3-nm particle concentrations from the 28 uncertainties is about 60% of the mean at 850 m altitude. So the binary neutral model plus one standard deviation would still lie about a factor of 5 below the observations. Although the binary model is closer to observations in some areas, such as over the Pacific Ocean, overall, its low bias relative to observations suggests that ternary nucleation (H 2 SO 4 with organics or NH 3 ) is the primary source of sciencemag.org SCIENCE Fig. 3 . Comparison of measured and modeled particle concentrations by latitude and altitude. (A) Measured 3-nm-diameter particle concentrations ( fig. S17) (44) . (B) Modeled particle concentrations (all processes). (C) Modeled particle concentrations including only primary particle emissions and binary neutral nucleation of sulfuric acid and water. Modeled particle concentrations in (C) are much higher than the concentrations that result from the binary-only pathway in the full model because the losses due to the condensation sink for these particles in the full model are higher than those in the binary-only model. particles below about 6 km altitude in the environments that we have analyzed. We therefore conclude that binary nucleation becomes important only at the highest altitudes in the troposphere, and at lower altitudes, ternary nucleation dominates.
Implications for the atmosphere
The quantified effects of NH 3 , oxidized organic compounds, and ions on global particle formation rates enabled us to estimate the effect on climate of changes in nucleation rates due to changing environmental conditions. We tested the effect of changes in the GCR ionization rate that occur between the solar maximum and minimum (supplementary materials, section 13) (17) . Over the solar cycle, the global mean change in CCN at cloud base altitude (915 hPa, usually around 850 m above the surface) is only 0.1% (Fig. 4B) , with local changes of no more than 1%. This is expected from the experimentally derived sublinear dependence of the inorganic nucleation rate on the ionization rate (supplementary materials, section 8) and consistent with previous assessments (49, 50) . The results in (24) suggest, with a large uncertainty, that organic nucleation is less sensitive to ionization rate than inorganic nucleation, so it would be unlikely to substantially increase the effect.
We also studied the effect of the estimated 80% increase in NH 3 emissions over the industrial period (51) . To calculate the baseline aerosolcloud albedo radiative forcing, we simulated preindustrial aerosols by removing anthropogenic emissions and keeping other model parameters constant, and we compared it with our presentday simulation. We then simulated present-day aerosols, keeping ammonia concentrations at preindustrial levels. In this simulation, the presentday global mean CCN concentration at cloud base level is 1.7% lower than in the usual present-day simulation (and locally up to 10 to 20% lower; Fig. 4C ). Comparing the present-day simulation using preindustrial ammonia with the preindustrial simulation allows us to calculate the aerosol-cloud albedo forcing without the effect of ammonia. We can infer that ammonia has led to a strengthening of the anthropogenic aerosolcloud radiative forcing from −0.62 to −0.66 Wm is within the uncertainty of forcing previously calculated for this model (52) . However, the effect of ammonia on nucleation is a new process in the model, so the entire probability distribution of forcing reported in (52) would be shifted to lower values. Global aerosol concentrations may be affected by future temperature changes through the temperature dependence of the formation rates. When we increase the temperatures used to calculate the inorganic nucleation rate by 2.2 K [the projected global mean change by 2100 (53)], mean CCN concentrations decrease by 1.0% at cloud base (locally by 10%) and cause a radiative effect of 0.02 Wm . Therefore, a temperaturedriven climate feedback related to changes in inorganic nucleation (54) is likely to be small compared with the large greenhouse gas forcings that are projected to occur by 2100. This result also shows that global inorganic aerosol nucleation provides a pervasive source of CCN that is relatively insensitive to environmental perturbation. The effect of rising global temperatures on organic ternary nucleation and CCN is less straightforward to calculate because there is probably compensation between decreasing nucleation rates (thus far not measured in the laboratory) and rising biogenic vapor emissions. Available observations suggest that the net effect could be to increase particle concentrations (55) .
Conclusions
Atmospheric aerosol nucleation has been studied for over 20 years, but the difficulty of performing laboratory nucleation-rate measurements close to atmospheric conditions means that global model simulations have not been directly based on experimental data. This contrasts with the case of chemical transport modeling, which is well founded on reaction rate constants measured under controlled laboratory conditions over the past few decades (56) . The multicomponent inorganic and organic chemical system is highly complex and is likely to be impossible to adequately represent in classical nucleation theories, just as ab initio prediction of reaction rate constants remains largely out of reach. This highlights the importance of replacing theoretical calculations with laboratory measurements, as we have done here. The CERN CLOUD measurements are the most comprehensive laboratory measurements of aerosol nucleation rates so far achieved, and the only measurements under conditions equivalent to the free and upper troposphere.
This work offers a new understanding of global particle formation as based almost entirely on ternary rather than binary nucleation, with ions playing a major but subdominant role. Our results suggest that about 43% of cloud-forming aerosol particles in the present-day atmosphere originate from nucleation, which is similar to a previous estimate of 45% obtained using the same chemical transport model and nonexperimental nucleation rates (4) (supplementary materials, section 16) and broadly consistent with other studies (5, 6) . An experimentally based model of global nucleation provides a basis for understanding how this complex system of inorganic and organic molecules responds to changes in trace gas emissions and environmental factors and, therefore, how these factors affect past and future climate. .
